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FULL-SCALE WIND-TUNNEL INVEST I GAT ION 0E WING COOLING DUCTS 



By E. R. Nickle and Arthur B. Ereeman 



SUMMARY 



The systematic investigation of wing cooling ducts at 
the N.A.C.A. laboratory has been continued with tests in 
the full-scale wind tunnel on ducts of finite span. These 
results extend the previous investigation on, section char- 
acteristics of ducts to higher Reynolds Numbers and indi- 
cate the losses due to the duct ends. The data include 
comparisons between ducts completely within the wing and 
the conventional underslung ducts. Methods of flow regu- 
lation were studied and data were obtained for a wide 
range of internal duct resistance. 

The resu-lts show satisfactory correlation between the 
finite span and the previously measured section character- 
istics obtained with full-span ducts. The effects of the 
various design parameters on the duct characteristics are 
discussed. The cooling power required for the internal 
duct installation is shown to be only a small percentage 
of the engine power. 

INTRODUCTION 



The aerodynamic advantages resulting from the rela- 
tively small frontal areas of liquid-cooled engines have 
been largely offset by the excessive high-speed drag of 
conventional radiator installations. Meredith (reference 
1) and Worth (reference 2) have shown that the internal or 
cooling drag is materially reduced by placing the radiator 
at the low velocity section of an expanding duct. Exter- 
nal drag, attributed mainly to interference and exposed 
frontal area, can be reduced by locating such a radiator 
duct assembly wholly within an essential part of the air- 
plane such as the wing. The net gain realized from this 
cooling installation depends on the extent to. which the 
following losses may be reduced: 

1. Interference losses caused by breaks in the 
wing surface at the inlet and .outlet of the duct. 

2. Energy losses in the air passing through the 
duct , due to the expansion and to the friction along 
the duct walls. 
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3. Induced drag loss due. to the increased 
weight of the radiators required for the low veloc- 
ity cooling. 

Systematic investigations of wing-duct cooling are now 
in progress at this laboratory, Hecent tests made in the 
N.A.C.A. full-scale wind tunnel (reference 3) and in the 
7- by 10-foot clo sed- throat wind tunnel (reference 4) in- 
dicate that duct- radiator combinat ions may he mounted in a 
wing so that interference and duct losses are small. The 
total loss in such a cooling system, neglecting weight, is 
only slightly greater than the power required to force the 
air through the radiator core. The tests referred to in 
reference 4 were made with a full-span duct and simulated 
radiator, under two-dimensional-flow conditions, and the 
results are presented as section characteristics. 

The purpose of the present full-scale investigation 
is to correlate the duct section characteristics found in 
reference 4 with the performance of installations of fi- 
nite span and to extend the test data to higher Reynolds 
numbers. The results of the full- scale- tunnel tests in- 
clude data on the characteristics of several of the through 
duct arrangements described in reference 4, underslung ra- 
diator ducts, and -cross-wing radiator-duct combinations 
with inlet on the lower and outlet on the upper wing sur- 
face. The effects of variations in radiator pressure drop 
and methods for efficiently controlling the air flow 
through the ducts were also investigated. 

Design parameters, such as size, shape, and location 
of duct inlets and outlets, were varied systematically. 
Estimates of the power absorbed by various duct- radiato r 
combinations, neglecting the effect of weight and heat, 
are given. The effects of propeller slipstream, recovery 
of heat energy, and ground cooling characteristics of duct 
radiators are included in a further investigation. 



APPARATUS AND TESTS 
Wing 



The fabric- co vered 2:1 tapered airfoil described in 
reference 5 and modified outlined irh the following par- 
agraph was used for this investigation. The span was 



45.75 feet, center-section chord 9.57 feet, area 337.5 
square feet, and aspect ratio 6.20. Ailerons were locked 
in the neutral position and all gaps were sealed. 

The constant-chord center section, extending over 
10.7 percent of the wing span, was altered to an N.A. C.A. 
23017 section which is representative of modern design 
and affords a direct comparison with the results of ref- 
erence 4. The transition from the U.S.A. 45 to the 
U.A.C.A. 23017 section was extended over approximately 
one-half the semi span. For convenience in changing duct 
inlets, the portion of the center section extending from 
the leading edge to the 20-per cent-chord point was made 
readily detachable. The duct span extended over 8.38 per- 
cent of wing span. The wing, including a typical duct 
installation, is shown in figure 1. The center section 
was covered with sheet aluminum and the internal structure 
was arranged so that there were no obstructions except the 
radiator to the air flow through the duct passages. A 20- 
percent chord, split trailing- edge flap, with a span equal 
to the standard duct width, was installed at the center 
s e ct io n . 

Hadiat or 

A perforated flat plate was used in these tests to 
simulate a radiator. This plate, hereafter referred to 
as the "radiator", had 3/4-inch holes' spaced on 1-inch 
centers, and measured 15 by 46 by 1 inches. Since large 
expansion ratios were desired, the radiator height used 
was determined by the maximum which could be installed in 
the given thickness of the wing. Calibration tests showed 
that this radiator gave a static-pressure drop of approxi- 
mately four times the face dynamic pressure, which is in 
close agreement with the pressure drop across a standard 
Army Air Corps 0.230- by 0.260- by 9-inch radiator core. 

Although the basic, radiator was used for all the tests, 
other cooling installations, including a baffled air-cooled 
engine, were simulated by increasing the radiator pressure 
drop. This was accomplished by placing wire screens of 16 
and 40 meshes per inch behind the radiator and plugging a 
number of the radiator holes. Relative pressure drops for 
each arrangement, as determined by preliminary tests of the 
radiator installed in a duct, are plotted in figure 2 as 
functions of the velocity at the radiator face. Some scale 
effect is evident, especially for the higher pressure-drop 
a r ra ng erne nt s . 
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Twenty-five pairs, of static-pressure and total-head 
tubes were "built into the radiator for the purpose of de- 
termining the quantity of air passing through the ducts. 
The method of installation was similar to that described 
in reference 4. Calibrations showed that the dynamic 
pressure measured by the tubes was directly proportional 
to the dynamic pressure immediately ahead of the radiator 
and that the arrangement was not sensitive to changes in 
air direction. To simplify the measuring equipment, the 
tubes were confined to one-half the radiator width, sym- 
metrical flow being assumed about the vertical center lino 
of the radiator. A photographically recording, multiple- 
tube manometer was employed to record the tube pressures. 



Duct s 



The various radiator-duct combinations tested are 
classified under three general headings: 

1. Through duct. 

2. Under slung duct. 

3. Cross-wing duct. 



The radiator was located at the maximum section of each 
duct. All ducts were mounted at the center section of the 
wing. and were rectangular in cross section. A standard 
duct width of 46 inches (8.38 percent of the wing span) 
was maintained for all combinations except those termed 
"narrow fleet." With the exception of the restricted inlet 
combinations, expansion occurred only in the vertical 
plane. Duct dimensions are given in percentages of the 
3ST.A.C.A. 23017 cent er- sect ion chord, unless otherwise noted. 
Inlet and outlet sizes are specified as minimum distances 
between upper and lower duct surfaces. 

Through duct .- The through duct was mounted entirely 
within the wing, the radiator being located 0.5c behind 
the leading edge. The ratio of the area at the inlet to 
the radiator area varied with inlet size from l/l.7 to 
1/3.9. Adjust abl e upper and lower duct surfaces provided 
uniform expansion for" each installation. 

Inlet openings were formed by replacing the plain 
wing nogepiece with combinations of upper and lower noses. 
These noses had a leading-edge radius of 0.005c as recom- 



mended in reference 4. The sis upper noses used are shown 
in combination with a typical lower nose in figure 3. The 
position of the first "break in the wing surface caused "by 
each upper nose is noted and becomes the designation for 
that nose. Figure 4 shows the five lower noses used. 
Combination of these upper and lower noses gave a range 
of inlet sizes from 0.033c to 0.08c. A typical through 
duct inlet is shown in figure 5. 

As previous tests (reference 4) indicated that varia- 
tions in outlet position on the upper surface of wing from 
0.60c to 0.75c had negligible effects on duct character- 
istics, the outlet position was held within these limits 
in providing outlet openings varying in size from 0.02c to 
0.08c (fig. 6a). figure 7 shows an 0.08c outlet installa- 
tion. An alternate type of outlet (fig. 6c) was provided 
by the deflection of the 0.20c t railing- edge split flap, 
which is shown deflected 15° in figure 8. 

Devices for regulating the air flow by varying the . 
duct openings in flight were installed on several through 
duct combinations. The inlet flap shown in figures 6b and 
9 resembled an airfoil in cross section and was hinged at 
its leading edge. Deflection of this flap had an effect 
equivalent to moving the inlet position rearward and gave 
a variation of inlot size from 0.033c to 0.074c. Two 
types of outlet flaps were tested. Type A, shown in fig- 
ure 6b, was used with a normal 0.0 5c outlet and varied the 
outlet size from 0.02c to 0.06c. Type 3 (fig. 6f) resem- 
bled a symmetrical airfoil in cross section and was hinged 
about its trailing edge. In the closed position this fl.ap 
conformed to the contour of the upper wing surface and re- 
stricted the outlet size to 0.04c; with the flap deflected 
the outlet size was 0.08c. 

Harrow ducts were formed by blocking off approximately 
one-half the standard duct width as shown in figure 10. 
The spanwise width of the narrow duct was 24 inches. 

Restricted inlets were formed by blocking off one- 
third or two-thirds of the width of inlet of the standard 
duct. The side walls behind the inlet expanded to the 
standard duct width at the radiator. This modification 
was applied to one of the arrangements having a 0.05c in- 
let size; the resulting expansion ratios were 1/3.2 and 
1/5.5. 



Under slung duct.- Details of the underslung duct ar- 
rangement appear in figure 6d. The radiator was located 
0.45c "behind the leading edge and extended below the wing. 
The lower cowling and the straight duct side walls were 
attached to the radiator and the entire assembly was re- 
tractable. The upper duct surface was formed within the 
wing and was slotted to allow vertical movement of the 
radiator. Inlet size, outlet size, and exposed radiator 
area varied with the amount of radiator extension. The 
expansion ratio for a given inlet size was varied by alter- 
ing the upper duct surface. Figure 11 shows a typical 
underslung duct installation. 

Cro_ss_-w_i_ng___duct_.- The cross-wing duct (fig. 6e) had 
an underslung-duct inlet and a normal through-duct outlet. 
The radiator was inclined to the chord line, its center 
being located approximately 0..50c behind the leading edge. 
Movements of the hinged inlet lip varied the inlet size 
from 0.04c to 0.08c. Outlet variations were identical to 
those shown for the through dtict in figure 6a. 

Duct de sig nation.- This report employs the same sys- 
tem of duct designation described in reference 4. Bach 
duct arrangement is represented by four terms, grouped, as 
f o Hows: 

Inlet size. 

Inlet position. 

Outlet size. ■ 

Outlet position. 

Inlet and outlet sizes were previously defined; the 
method for specifying, inlet and outlet positions is indi- 
cated in figure 6. For the through duct, the inlet posi- 
tion is specified by giving the upper nose designation. 
(See fig. 3.) The meaning of symbols, consisting of let- 
ters and numbers, that comprise the four terms of the vari- 
ous duct designations are tabulated below. The interpre- 
tations of five sample duct designations follow the table. 
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TEEK A3JD TYPICAL 
S IGJTI P I CAECE SYMBOLS 



First : 
Mininu.ni 
size of 

inlet 
opening 



S econd: 

Inlet 
po sit ion 



Third: 



o • 5 , 5.0 



11, E4 



1,5 



2a , 4a 



L31 



2, 4 



A2 



HEASTIITG Of SYMBOLS 



Linear dimension of inlet size 
(fig. 6) 

One of five inlet flap positions 
(fig. 6Td) 

Distance of inlet position "behind 
leading edge of wing 

(figs. 3 and 6) 

Distance of inlet position above 
chord line 
(fig. 3) 

Inlet opening located below wing 
(figs. 6d and 6e) 



Linear dimension of outlet size 
(fig. 6) 

One of two type-A outlet flap 
■po sit ions 
(fig. 6b) 



Minimum 
size of 
out let 
opening 



fourth: 



Outlet 
■po sit ion 



B3 One of three type-B outlet flap 

posit ion s 
• • . (fig. 6f) 

E5, F10 Trailing- edge outlet flap deflected 

5°, 10°, etc. 
(fig. 6c) 



61, 75 Distance of outlet position be- 
hind leading edge of wing 
(fig. 6) 

TE Trailing- edge split flap used as 

outlet 



L57 



Outlet opening located below wing 
(fig. 6d) 
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4.6 - 2a - 2 - 75 represents a through duct (no let- 
ter "L" appears), minimum inlet opening 4.6 percent of 
center-section chord (first term), inlet position 2 per- 
cent above chord line (second term), minimum outlet open- 
ing 2 percent of chord (third term) , outlet position 75 
percent of chord behind leading edge (fourth term) . 

6.0 - 0 - 115 - TS indicates a through duct, 6 per- 
cent inlet, inlet position at intersection of chord line 
and wing surface, trailing-edge outlet flap deflected 15°, 
outlet at trailing edge of wing. 

Fl - 2a - B3 - 61 indicates a through duct, inlet 
flap in position 1, inlet position 2 percent above chord 
line, outlet flap E in position 3, 61 percent outlet posi- 
t ion . 

4.0 - L31 - 6 - 65 indicates a cross-wing duct("L" 
in second term but not in fourth), 4 percent inlet, 31 
percent inlet position with opening below wing, 6 percent 
outlet, 65 percent outlet position. 

3,5 - L31 - 3.5 - L57 indicates an underslung duct 
( " L " in second and fourth terms), 3,5 percent inlet, 31 
percent inlet position with opening below wing, 3.5 per- 
cent outlet, 57 percent outlet position with opening below 
wing. 

Tests 

The tests were made in the 3ST.A. C.A. full-scale wind 
tunnel (reference 6). Figure 12 shows the plain wing 
(without duct) mounted in the wind tunnel. Lift and drag 
of the plain vring were measured over the complete angle- 
of-attack range from below zero lift to maximum lift. 
Similar tests were made with each duct arrangement in- 
stalled in the wing. Measurements of the air velo cits'- in 
the duct at the radiator face were taken at lift coeffi- 
cients of approximately 0, 0.2, 0.6, and 1.0. 

All combinations were tested at a tunnel velocity of 
approximately 60 miles per hour. A number of combinations 
were tested at various air speeds from 25 to 100 miles 
per hour to determine possible scale effects. 
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SYMBOLS 

Cjj , wing lift coefficient. 

c , cent er- sect ion lift coefficient. 

c, wing chord at center section. 

S, area of wing, 

ij , minimum area of duct inlet opening. 

A-£, radiator frontal area. 

Q, quantity of air passing through radiator (AjjT R ) . 

V, air velocity in free stream, or flight speed. 

V R , air velocity in duct at radiator face. 

q, free stream dynamic pressure (•§ p V ) . 

q.£, radiator face dynamic pressure (-g- p 7^ ) . 

AP, pressure drop across the radiator. 

E, relative pressure drop (AP/q R ) . 

AD, drag increment of rad iat or- duct combinations. 

V-^y-y., flow ratio. 

T) , duct efficiency. 

P^, , power required for cooling. 

(Vp/v) 3 

C p , cooling power coefficient C p = — 5lL ~' 

RESULTS' AEFD DISCUSSION 

The important radiator-duct characteristics are given 
by means of three parameters, 7 jj/y 1 r l • and ^p* Tlie 

air-flow ratio, ^g/y' is ' fc:tLe ra^i- 0 of tlle air velocity 
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at the face of the radiator to the free stream air velocity 
and is a measure of the quantity of air that will flow 
through the duct. 

The duct efficiency, T|, is the ratio of the useful 
power exjoended in forcing air through the radiator core to 
the total power required to overcome the added drag due 
to the radiator-duct installation. (Power due to changes 
in radiator weight is omitted throughout the discussion.) 

_ useful work _ Q.AP' . 
^ total work £DV 



q = A H V H ■ 
AP = Kq H '~ 
AD = AC^qS * 

_ KA R 7 R q R - 
AC D qS7 



n = — -- (v , ) - 

^ AC D S S/V ; 

It is important to note that r\ is a measure of the 
"duct efficiency" and does not indicate the optimum 
" radiator-duct" con binat ion . 

The power coefficient Cp is given as a figure of 

merit for comparing the various radiator-duct combinations, 
the optimum radiat or- duct arrangement having the lowest 
value of Cp . 

The total power required for cooling is: 

F T = ADY - ACjjqSY 5 



Subst itut ing 



KA R - < 



T|3 

and 



II 



Then 



in which 



A R = -ft- 
V R 



The total power required for a given radiator-duct 
combination depends therefore on the power coefficient, 
air quantity, relative pressure drop through radiators, 
and the ■ f ree- st ream dynamic pressure. 

The duct parameters V^y^, and r\ are plotted 
against C L in figures 13 to 28 for all the test arrange- 
ments, and a summary of the important duct characteristics 
for the representative high speed and climb values of 

0.2 and 0.7 is given in table- I. No important scale ef- 
fect on or n was found (fig. 29) , so that the 

data for test speeds other than 50 miles per hour are not 
shown . 

In general, the maximum lift was not affected appre- 
ciably "by the "better duct arrangements. Serious adverse 
effects were noted for only one arrangement, the through 
duct with the 4a inlet position. Slight increases occurred 
in several cases. Typical lift curves for various duct 
arrangements are shown in figure 30. The angl e-of-z ero 
lift was affected "but slightly "by the presence of the duct. 



Through-Duct Characteristics 

£?li-§.t_s i J2_e . - The var iat ions in V^/v and r[ with in- 
let size for the high-speed attitude ( = 0.2) are 

shown in figure 31. For each curve, the inlet position, 
outlet size, and outlet position are constant. Results 
for the 2a nose with 6- and 8-percent outlets indicate 
that best duct efficiency is obtained with an inlet some- 
what smaller than the outlet. The flow ratio, ^3/7 > is 

not. affected by changes in inlet size, except for inlet 



12 



sizes considerably smaller than those for "best efficiency. 
The power coefficient, Cp , is therefore lowest for the 

ducts of highest efficiencies. These trends are similar 
for the 0 nose except that inlet size variations have 
little effect on efficiency. 

At the climb condition ( C L = 0.7, table I) , effi- 
ciency tends to increase as the inlet size increases. Re- 
sults for the 2a and 0 noses are somewhat erratic, espe- 
cially for the 2- and 4-percent outlets. The effects of 
inlet size on V^/y and Cp are similar to those noted 

for the high-speed condition. 

It was noted from the velocity distribution measure- 
ments at the radiator that when the inlet size became so 
small that the included expansion angle in the duct ex- 
ceeded about 9° to 10°, flow separation occurred at the 
duct walls, and the flow measurements became erratic. The 
results obtained with duct inlet sizes smaller than 4 per- 
cent are therefore somewhat less consistent than those 
for the larger inlets. 

Inl et pos ition.- The curves of figure 32a, plotted 
for the high-speed condition, indicate that inlet position 
is the most critical factor in duct design. As the inlet 
position moves forward and above the chord line both the 
flow ratio and efficiency increase. As the inlet posi- 
tion is moved below the chord and toward the trailing 
edge, the flow decreases until a point is reached where 
there is no flow. At the climb condition (fig. 32b), due 
to the changed pressure distribution over the wing, the 
0 or 1 nose gives the greatest flow ratio and efficiency; 
and in contrast to the high-speed condition, Vr/v varies 

but slightly with inlet position. 

These results indicate for an optimum duct arrange- 
ment that the inlet position should vary with the lift co- 
efficient and the inlet flap arrangement is suggested for 
this purpose in a later chapter. 

Outlet s iz e.- Figure 33 shows the effect of outlet, 
size on T) and Vg/y for the high-speed condition. These 

curves are shown for a 6-percent inlet with three differ- 
ent nose positions, 2 a , 0, and 3. In each case the flow 
ratio increases almost directly with the outlet size. Re- 
sults for the climb condition are similar. This trend is 
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consistent with previous tests (reference 4), indicating 
that the air flow can be readily controlled at the outlet. 

For the 2a nose, an outlet size equal to or slightly 
greater than the inlet size gives best efficiency at high 
speed. The power coefficient is approximately constant 
for outlet sizes of 6 percent or smaller but increases for 
the 8-percent outlet. For the 0 nose with 6-percent inlet 
(C L = 0.2) the efficiency does not peak within the limits 

of the test, increasing directly with outlet size. The 
outlet size for maximum efficiency will probably be only 
slightly larger .than 8 percent. The power coefficient 
tends to be minimum for the 5-percent outlet, but varia- 
tions with outlet size are small. 

For the climb condition, all inlet sizes and posi- 
tions tested show best duct efficiencies with the 6-percent 
outlet. The power coefficient, however, increases with 
outlet size with the rate of increase becoming markedly 
greater for outlet sizes greater than 5 percent. 

Outlet: po sition.- The eff ect of varying the outlet 
position has not been studied in this investigation. To 
aid in the design of the various ducts, the outlet posi- 
tion was allowed to vary from the 61- to 75-percent- cho rd 
position; however, the results of reference 4 have shown 
that these variations do not appreciably change the duct 
c ha ract eristics. 

^.?XO.^I._^?_t_''" The results of reference 4 indicate 
that best, section efficiencies are obtained with maximum 
radiator heights, which might imply the use of the narrow- 
est possible duct for any given cooling installation. The 
duct, off iciencies for finite span ducts, however, decrease 
as' the duct spans become smaller owing to the end losses. 
To study the effects of the duct ends on the efficiency, 
tests of a dixct having approximately one- half the standard 
duct width were made using a 6.0-0 inlet with four differ- 
ent outlets. The resxilts are plotted in figure 25 and 
compared to characteristics for similar ducts of standard 
width in figure 34. 

The narrow-duct characteristics show the same trend 
as those for the standard dvict for lift coefficients below 
0.7, At the higher lift coefficients, efficiencies for 
the narrow duct decrease, whereas this : i-s true for the 
standard duct only when the 8-percent outlet is used. It 
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should "be noted that the duct end effects are particularly 
large when the duct is throttled by the small outlets, 
whereas when the duct outlet is opened and a large flow 
occurs the end effects become relatively unimportant. 
This may be due to the disturbed flow over the sharp edges 
of the duct at the leading edge, and indicates the desir- 
ability of rounding the side entries of the duct to obtain 
high efficiencies in the high-speed conditions. 

Re strict ed- inl_et__duct Throttling the air flow by 
varying the span of the inlet has been suggested, and the 
results of several tests with an arrangement in which the 
inlet was restricted to two-thirds and one-third the full 
radiator span, are shown in figure 24. The test data for 
the one-third opening were erratic and unreliable owing to 
the excessive rate of expansion of the air along the side 
walls of the duct. The flow ratios for the two-thirds 
opening and for an inlet with no restrictions are essen- 
tially the same. These results indicate that throttling 
by spanwise restriction" of the inlet opening may be unsat- 
isfactory since if the inlet is closed sufficiently to 
throttle the air flow, breakdown in flow occurs on the 
duct side walls with resultant loss in efficiency. 

Change in -pressure drop.- The data in table I are di- 
rectly applicable to the design of radiator-duct installa- 
tions only when the design radiator has approximately the 
same relative pressure drop as the test radiator. A lim- 
ited number of tests were made to determine the effect of 
variations in radiator pressure drop on the duct character- 
istics. These tests were confined to the 6.0-2a inlet with 
four different outlets. The resistance in the duct was 
varied from the condition of full closed (K =.») to full 
open (K = 0) , and the results are shown in figure 26. 
The highest efficiency was obtained for all arrangements 
with a relative pressure drop Z = 13.2. 

Variations of ^/y» T| » and ACp with relative 
pressure drop are shown in figure 35 for C L = 0.2. The 

function — . ± s used mainly for convenience in the 

>J 1 + K 

plotting. Dotted portions of the efficiency curves have 
been extrapolated. 

Figures 36 and 37 are presented as aids in converting 
*he V_/ and C values given in table I to approxi- 
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mately comparable values for a given design, pressure drop 
other than that for the standard.- radiator used for the 
tests. 

Inlet flap.- Inasmuch as the data on inlet positions 
(fig. 32) indicated that the optimum position for the in- 
let occurred with nose 2a or 4a in the high-speed condi- 
tion and with nose 0 or 1 in the climb condition, an inlet 
flap was designed (fig. 6b) by means of which it was possi- 
ble to change from a small inlet in position 2a in the 
high-speed condition to a larger inlet extending well be- 
low the chord line for climb. Best efficiencies could 
then be obtained in both the high-speed and climb conditions. 
It was found that ducts having an inlet flap in these two 
positions show characteristics (fig. 1? and table I) very 
similar to those for plain through duct with inlet and out- 
lets in similar positions. 

The inlet opening for the closed flap position (Fl) 
was 3.3 percent of the chord; and, as previously mentioned, 
the results tend to be inconsistent owing to the too rapid 
expansion in the inlet, and an opening of 4.6 percent 
would probably be preferable. 

O utle t flap s.- The purpose of the outlet flaps is to 
control the amount of air flow through the duct by vary- 
ing the outlet size so that the required V R /y value may 

be obtained for all flight conditions. 

The type-A outlet flap, used in combination with the 
plain 6-percent outlet, effectively throttles the flow. 
The A4 position gives approximately the same flow ratio 
obtained previously with the plain 4-percent otxtlet; simi- 
larly, the A2 position may be compared to the plain 2- 
percent outlet (fig. 18 and table I). The efficiencies 
and power coefficients, although somewhat erratic, tend to 
be higher for these flapped outlets than for the. straight 
outlets providing the same V-^/y ratio. 

figures 19 to 21 show test results for the type-B 
outlet flap. The Bl position corresponds to a 4-percent 
plain outlet; the B3 position corresponds to an 8-percent 
plain outlet. Approximately the same flow ratios are 
shown for corresponding plain and flapped outlets (table 
I) , and the power coefficients are essentially the same. 
The characteristics of the type-B flap may therefore be 
predicted with considerable accuracy from the data on the 
corresponding through ducts. 
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In comparing the relative merits of flaps A and B 
it will be noted (table I) that in many cases the flaps 
are of equal merit; however, in several cases flap B ap- 
pears to be superior. 

Combined inlet and outlet flaps.- The foregoing dis- 
cussion indicates that a duct arrangement combining the 
advantages of inlet and outlet flaps will be superior to 
any other through-duct arrangement. A limited number of 
tests were made with a through-duct arrangement having a 
2a nose, inlet flap, and type-3 outlet flap. The results 
are shown in figure 22 and table I. In general, the flap 
combinations duplicated the performance of similar plain 
duct s . 

These results are shown mainly to indicate the possi- 
bilities of flap combinations. At the time the tests were 
made, sufficient information was. not available for select- 
ing an optimum arrangement. For example, the inlet open- 
ing of 3.3 percent of the chord selected for high speed is 
not the best (see section on "Inlet Flap" ) , and further 
the plain-duct results show that a 2-percent outlet would 
give better efficiency at high speed than the 4-percent 
outlet tested (flap in position Bl) . A study of table I 
indicates that a flap which varies the inlet from 4. 6-2a 
to 7.4-2a used in combination with an outlet flap having 
a range from 2 percent to 6 percent will provide an arrange- 
ment superior to the one tested. 

The use of the oxitlet flap will be necessary in a 
practical design both to pro-perly control the air quantity 
and to reduce the cooling power required in high-speed 
flight. The inlet flap may in many cases not be needed, 
and by reference to table I it may be noted that ducts with 
excellent efficiency may be designed without the inlet 
flap. Jor the best possible arrangement, however, both 
flaps are required. 

Hggil IJ-J^.g- edge flap outlet.- Test resu.lt s for the trail- 
ing-edge split-flap outlet are shown in figure 23 and table 
I. In general, this outlet is inferior" to the normal 
through-duct outlet. The flow ratio increases with flap 
deflection for both high speed and climb, but power coeffi- 
cients are excessively high for the larger deflections. 
At .= 0,2, the 5° flap position shows erratic results, 

indicating an irregular velocity distribution at the radi- 
ator. In one case (6.0 - 1 - 15 - TE) , negative flows 
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were indicated and the results were therefore omitted from 
table I. 

Under slung Duct 

The results of the tests on the underslung ducts are 
shown in figure 27. Both the flow ratio and power coeffi- 
cient for any given inlet size are higher than for the 
corresponding through-duct arrangement. The flow ratio 
(VjWy) does not change appreciably with the lift coeffi- 
cient; however, the efficiency and power coefficient are 
more favorable at climb. 

The effect of the expansion between the inlet and the 
radiator on the power coefficient, Op, is shown in fig- 
ure 38. These data indicate that for the same air quanti- 
ty the minimum power consumption is obtained with a large 
expansion ratio. Plow separation in the inlet will no 
doubt limit the gain possible from larger expansion ratios. 

By retracting the radiator and cowling for the high- 
speed condition, a minimum value of Cp = 0.18 was ob- 
tained for the high-speed condition. Comparison with the 
best Cp values of about 0.10 obtained with the through 

ducts indicates the relative merits of the installations 
tested. More extensive tests with underslung cowlings are 
recommended, particularly with ducts having well-rounded 
entries on the side walls and greater lengths of expan- 
sion passages to reduce the expansion angle. 

Cross-Wing Duct 

Results on the cross-wing duct, which is essentially 
a hybrid arrangement between the underslung and through 
duct, are given in figure 28. The flow ratio is satisfac- 
tory for all- 'cases with little variation between the high- 
speed and climb conditions (a characteristic of all scoop- 
type inlets). The duct efficiencies are consistently low, 
however, and the power coefficients correspondingly high. 
The poor performance of this arrangement -is attributed to 
the rapid expansion in the inlet and to the exposed inlet 
s coop. 

Comparison with Section Characteristics 
A comparison of the results of this report with those 



\ 
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of reference 4 appears in table II. The " f 1111"- span data 
(taken directly from reference 4) are compared with the 
finite-span results on a basis of equal section lift coef- 
ficients. The tests of reference 4, as noted elsewhere, 
were made so as to give section characteristics directly, 
while in the finite-span tests of this report the section 
lift was determined by calculation from pressure-distribu- 
tion measurements at the center section. 

In general, the finite arrangements give slightly 
lower flow .ratios, lower efficiencies, and require more 
pOY/er. This inferior performance is caused by the end 
losses of the finite duct and the induced drag effects not 
included in the section characteristics. 

Although in certain cases the power consumption of 
the finite-span duct is as much as 50 percent • great er than 
that of the inf init e- span duct, the total power will in 
most cases be sufficiently small so that this apparently 
large discrepancy may amount to only 1 or 2 percent of to- 
tal engine horsepower. 



APPLICATION TO DESIG3T. 



A satisfactory duct-cooling installation should ful- 
fill the following requirements: 

1. Provide suff icient ' cooling air for all flight 

conditions . 

2. Expend a minimum power, particularly in the 

high-speed condition. 

In the latter requirement the total power should in- 
clude both the cooling power and that required to over- 
come the induced drag du.e to the radiator weight. 

The following procedure for designing ra&iato r- duct 
combinations from the data given in this report is tenta- 
tively suggested. Knowing values of K and Q for any 
given design, a radiator area is assumed .for a trial cal- 
culation, and the V R necessary to provide the required 
air quantity is computed. Values of V R /y are then de- 
termined from the known or estimated high speed and climb- 
ing speed. Duct and flap arrangements giving the required 
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for high speed and climb are noted (table I and fig- 
ures). A comparison of the high-speed and climb Cp val- 
ues will then indicate the best arrangements for the area 
chosen and the cooling horsepower required nay be computed 
from the power equation. 

A typical example of radiato r- duct computation for an 
airplane operating at sea level will be used to illustrate 
the suggested design procedure. The same type radiator 
core, flight conditions, and cooling requirements assumed 
in presenting a similar example in reference 4 are used 
here'. 

Hated horsepower at high speed and climb = 1,000 horse- 
power . 

Maximum speed ( C L = 0.25) = 284 feet per second 

(194 miles per hour) 

Best speed for climb (C^ = 0.7) = 170 feet per second 

(116 miles per hour) 

Radiator - Army Air Corps 0.230- by 0.250- by 9-inch 
core, Z = 3.7. 

Cooling air quantity required, engine radiator and oil 
cooler, Q = 283 cubic feet per second. 

For an assumed radiator area of 6.25 square, feet , the 
required is 45.3 feet per second. 

Therefore 

V_/„ = ---^ =0.16 

R/V (C L = 0.25) 284 

R/? (C L =0.7) 170 

The difference in pressure drop between the design 
radiator (Z = 3.7) and the- test radiator (Z = 4.1) is 
small; however, for illustrative purpose allowance will 
be made for the difference. 



from figure 36 
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( Vv\ + = °- 98 ( Vv> • 

' test design 

Therefore 

( Ytj /,.) = 0.16 -X 0.98 = 0.157 

R/V (C L =0.2 5) 

(T B /w) = °- 27 x °- 98 = 0.265 

H/ .^ (0 L =0.7) 

From figure 13 (table I is applicable only for C L = 
0.2) at C L - 0.25. 

Pes ignat ion Ix/X H P C (coraputed) 

4. 6 - 2a - 2 - 75 0.16 26 0.10 

6.0 - 2a - 2 - 75 .15 21 .12 

It is evident from table I that either of these arrange- 
ments can be converted to a 7.4 - 2a - 8 - 61 arrange- 
ment for climb by the use of inlet and outlet flaps. This 
duct combination has a of 0.28 and a Cp of 0.10 

at = 0.7. Since duct arrangement 4.6 - 2a - 2 - 75 

has the lower value of Cp at C~ = 0.2 5, it is chosen 

for the high-speed condition* 

The Cp values of table I are now converted to the 
equivalent design values by the use of figure 37. 

C_ . . . = 0.10 X 1.03 - 0.103 

P hxgn speed 

C P climb = °' 10 X 1 ' 0Z = °' 103 



The high-speed and clinb power requirements may now 
be obtained by substitution in the power equation 
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(high speed) Hpip = V 



0.103X3 



7X283X96 



= 18.8 horsepower 



550 



or 1 . 88-percent engine power 



( clinb) HP„ = 



0^103X3^7 X283X34.4 
550 



= 6.7 horsepower 



or 0.67-percent engine power 



After similar computat ions have "been made for several 

different assumed radiator areas and the weight horsepower 

for each arrangement determined, the best radiator duct ar 
rangement can "be selected. 

In the event that the radiator duct is to be placed 
in a wing section other than the 1T.A.C.A. 23017 used for 
this investigation, ducts having the same characteristics 
as those reported herein could undoubtedly be designed by 
the aid of a comparison of the pressure distributions for 
the W.A.C.A. 23017 and the design section. It is particu- 
larly important that the inlet occupy the same relative 
position to the stagnation point on the design section as 
occurs on the H.A.C.A. 23017 section. 



The characteristics of finite-span cooling ducts are 
in substantial agreement with section characteristics pre- 
viously obtained for full- span ducts in two-dimensional 
flow ( ref er ence ' 4) . The quantity of air that will flow 
through the duct may be predicted with considerable accu- 
racy from the section data; however, the power absorbed 
by the duct will be underestimated unless consideration is 
given to the loss at the duct ends. The results show that 
for the usual cases these duct- end losses will not exceed 
1 percent to 2 percent of the engine power. Tests of duct 
of several widths showed that the losses due to the duct 
ends are greatest when the flow through the duct is re- 
stricted. Rounding of the ontrj of the duct at the side 
walls is suggested. 

For satisfactory air-flow control and low power con- 
sumption at high speed, a flap should be provided at the 
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duct outlet. For optimum duct performance at both the 
high-speed and climb conditions, both an inlet and outlet 
flap are required. The results showed that an outlet 
through the Tipper surface was superior to a flapped outlet 
through the trailing edge. 

The under slung duct arrangements tested were less ef- 
ficient than the ducts within the wing; however, they were 
efficient enough to merit design consideration for cases 
in which through ducts are structurally impossible. 

The duct characteristics showed no important scale 
effects within the test Eeynolds Number range of 4,000,000 
to 10,000,000. 



Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va. , August 26, 1938. 
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LEGENDS 



(a) N.A.C.A. 23017 center 
section, no duct. 



(h) N.A.C.A. 23017 center sec- 
tion showing typical duct 
installation . 



Figure 1.— Cooling wing and duct arrangement. 

Figure 2a.- Relative pressure drop of radiator assemblies . 

Figure 2b.- Relative pressure drop of radiator assemblies 

Figure 3.- Upper noses used to form duct inlets, showing 
inlet positions in percent of N.A.C.A. 23017 
section chord (through duct). 

Figure 4.- Lower noses used to form duct inlets (through 
duct ) . 

Figure 5.- Typical through duct installation. 



(a) Through duct installa- 

tion, showing exit 
sizes and location. 

(b) Through duct showing 

nose flap and exit 
flap 'A 1 for control- 
ling air flow. 

(c) Through duct showing 

exit through trailing 
edge split flap. 



(d) Underslung radiator ar- 
rangement . 



(e) Cross-wing duct arrange- 
ment . 



(f) Through duct showing exit 
flap 'B 1 for controlling 
air flow. 



Figure 6. -Radiator duct arrangements. 

Figure 7. -Typical through duct outlet installation. 

Figure 8.- Typical trailing edge split flap outlet installa- 
tion . 

Figure 9.- Inlet flap installation. Flap in position F3 . 

(a) Inlet. (b) Outlet.. 

Figure 10.- Harrow duct installation. 
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Figure 11,- Typical underslung duct installation, 

Figure 12, - Plain wing mounted in full-scale wind tunnel 

(a) Hose Position 2a. ("b) Nose position 0. 

Figure 13.- Variation of duct efficiency and flow ratio with 
lift coefficient. Through duct, 2 percent 
outlet . 

(a) Hose position 2a. (d) Nose position 0. 

Figure 14.- Variation of duct efficiency and flow ratio with 
lift coefficient. Through duct, 4 percent out- 
let. 

(a) Nose position 2a. (h) Nose position 0. 

(c) Nose position 3. 

Figure 15.- Variation of duct efficiency and flow ratio with 
lift coefficient. Through duct, 6 percent 
outlet . 

(a) Nose position 4a. (d) Nose position 1. 

(t>) Nose position 2a. (e) Nose position 3. 

(c) Nose position 0. (f) Nose position 5. 

Figure 16.- Variation of duct efficiency and flow ratio with 
lift coefficient. Through duct, 8 percent 
outlet . 

(a) 2 percent outlet. (c) 6 percent outlet. 

(h) 4 percent outlet. (d) 8 percent outlet. 

Figure 17.- Variation of duct efficiency and flow ratio with 
lift coefficient. Through duct with inlet 
flap . 

(a) Nose position 2a, ' (h) Nose position 2a, 6 per- 

4.6 percent inlet. cent inlet. 

(c) Nose position 0, 
6 percent inlet. 

Figure 18.- Variation of duct efficiency and flow ratio with 
lift coefficient. Through duct with type A 
outlet flap. 
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(a) Nose position 2a. (h) Hose position 0. 

Figure 19.- Variation of duct efficiency and flow ratio with 
lift coefficient. Through duct with type B 
outlet flap in 7:1 position. 

(a) Nose position 2a. (b) Nose position 0. 

Figure 20.- Variation of duct efficiency and flow ratio with 
lift coefficient. Through duct with type B 
outlet flap in B2 position. 

(a) Nose position 2a. ("o) Nose position 0. 

Figure 21.- Variation of duct efficiency and flow ratio with 
lift coefficient. Through duct with type B 
outlet flap in 33 position. 

Figure 22.- Variation of duct efficiency and flow ratio with 
lift coefficient. Through duct with "both in- 
. let arfd type B outlet flap. 

(a) Nose position 2a. (t>) Nose position 0. 

(c) Nose position 1. 

Figure 23.- Variation of duct efficiency and flow ratio with 
lift coefficient. Through duct with T.E. 
split flap outlet. 

(a) Inlet l/3 open. (b) Inlet 2/3 open. 

Figure 24-,- Variation in duct efficiency and flow ratio with 
lift coefficient. .Through duct with restricted 
inlet . 

Figure 25.- Variation in. duct efficiency and flow ratio with 
lift coefficient. Narrow through-duct arrange- 
ment . 

(a) Arrangement 6.0 - 2a - (c) Arrangement 6.0 - 2a - 6 - 

2-75. 65. 

(b) Arrangement 6.0 - 2a - (d) Arrangement 6.0 - 2a - 8 - 

4 - 70. 61, 

Figure 26.- Variation in duct efficiency and flow ratio with 
lift coefficient. Through 'duct with radiators 
of various pressure drops. 



\ 
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(a) Radiator height 15 (c) Radiator height 11 

inches (same as in inches, 
through ducts). 

(t>) Radiator height 13 (d) Radiator height 9 

inches. ' inches k 

\ 

Figure 27.- Variation of duct efficiency and flow ratio with 
lift coefficient. Underslung duct. 

(a) 6 percent outlet. (h) 8 percent outlet. 

Figure 28.- Variation of duct efficiency and flow ratio with 
lift coefficient. Gross-wing duct. 

Figure 29.- Scale effect on flow ratio and power coefficient. 

Figure 30.- Typical lift curves for the plain wing and var- 
ious duct arrangements. 

(a) 2-75 outlet. (c) 6-65 outlet. 

(To) 4-70 outlet. (d) 8-61 outlet. 

Figure 31.- Effect of inlet opening size on duct efficiency 
and flow ratio. 0^ = 0.2. 

(a) C L = 0.2. (h) C L = 0.7. 

Figure 32.- If feet of inlet position on duct efficiency and 
flow ratio. 6 percent inlet. 

Figure 33.- Effect of outlet opening size on duct efficiency 
and flow ratio. 6 percent inlets, C L = 0.2. 

(a) Arrangement 6.0 - 0 - * (c) Arrangement 6.0 - 0 - 6 - 
2-75. 65. 

(h) Arrangement 6.0 - 0 - (d) Arrangement 6.0 - 0 - 8 - 

4-70. 61. 

Figure 34.- Comparison of narrow and full width ducts of 
similar arrangement. 

Figure 35.- Variation of drag, flow ratio, and duct efficiency 
with the conductivity factor, l/ ,/l+K. 
C L = 0.2. 
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Figure 36.- Plow ratio multiplying factors for radiators 
of various pressure drops. 

Figure 37.- Power coefficient multiplying factors for radia- 
tors of various ^pressure drops. 

Figure 38.- Effect of expansion ratio on radiator-duct power 
coefficient. TJnderslung duct. 
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Figs. 3,4 
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Figure 12. 
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